Abstract Non-crop habitats play a key role in maintaining functional diversity and ecosystem services in farmland. However, the interplay between beneficial insects and landscape variables has rarely been investigated in Neotropical agroecosystems. We used flower flies as a model group to investigate the effects of landscape attributes on beneficial insects in agroecosystems across a gradient of landscape complexity. We specifically ask: (i) Do the abundance and species richness of flower flies in cereal crops increase with increasing landscape complexity? (ii) Do the effects of landscape variables on local flower fly communities differ between spatial scales? (iii) How do landscape complexity and local factors (crop size, altitude and insecticide applications) affect beta diversity? We sampled flower flies in 54 edges within 18 wheat crops in Paraná State, southern Brazil. The percentage of non-crop habitats, landscape diversity and edge density were the explanatory variables, Communicated by P. Ponel.
Introduction
The processes of habitat loss and fragmentation are the major threats to biodiversity (Fahrig 2003 (Fahrig , 2017 . The main driving force behind these processes is agricultural intensification, which negatively affects biodiversity from local to landscape scales (SteffanDewenter et al. 2002; Thies et al. 2003; Tscharntke et al. 2005; Meehan et al. 2011) . At the local scale, the overuse of pesticides increases both mortality rates and sublethal effects in organisms foraging in agricultural fields (Geiger et al. 2010; Stapel et al. 2000) . At the landscape scale, the expansion of crop area strongly reduces the amount and diversity of natural and semi-natural habitats, which play a key role in maintaining high levels of animal diversity in farmlands (Aviron et al. 2005; Billeter et al. 2008; Fahrig et al. 2011) .
Natural and semi-natural habitats such as forests, grasslands, hedgerows and abandoned pastures (hereafter, non-crop habitats) are relatively stable and provide refuge for biodiversity, particularly during disturbance periods in crops such as pesticide applications, tillage and harvesting operations (Altieri 1999; Fahrig et al. 2011; Tscharntke et al. 2012) . Most species rely on non-crop habitats for the constant provision of vital resources: food, shelter, overwintering sites and mating sites (Altieri 1999; Landis et al. 2000; Bianchi et al. 2006; Tscharntke et al. 2007 Tscharntke et al. , 2012 . Furthermore, high levels of habitat diversity and edge density in the surrounding landscape can provide spatiotemporal refugia for biodiversity via landscape complementation and supplementation (see Tscharntke et al. 2012; Fahrig 2017) . This can be particularly important for crop-associated species with periodical movement between crop and non-crop habitats. Indeed, studies have indicated that complexstructured landscapes, with high habitat diversity and high percentage of non-crop habitats, can support more diverse communities than simpler and agriculture-dominated landscapes (Yachi and Loreau 1999; Loreau et al. 2003; Tscharntke et al. 2007 Tscharntke et al. , 2012 .
Landscape structure influences biodiversity not just changing richness and abundance, but also how species composition varies between sites-beta diversity Zellweger et al. 2017) . Total beta diversity can be decomposed in two components: (a) the turnover component that represents the changes of species between communities, and (b) the nested component that is the loss of species between communities (Baselga 2010) . Although the turnover is the major contributor to total beta diversity (Si et al. 2015; Zellweger et al. 2017) , the nested component rises as an important factor in scenarios of habitat loss and fragmentation such as crop-dominated landscapes (Buhk et al. 2017) .
Understanding changes in community composition can elucidate the drivers that influence community assembly, ecosystem stability and biotic homogenization (Catano et al. 2017) .
The effects of landscape complexity on biodiversity are well known in temperate regions; however, it remains unexplored in agricultural landscapes of the Neotropical region, wherein only a few works can be found for Chile (Grez and Prado 2000; Zaviezo et al. 2006) , Argentina (Rossetti et al. 2014; González et al. 2015 González et al. , 2016a González et al. , b, 2017 and Brazil (Medeiros et al. 2016) . We used flower flies (Syrphidae, Diptera) as a model group to elucidate how landscape complexity modulates the structure of local communities in Brazilian agricultural landscapes. Numerous adult flower flies may play an important role as pollinators in both managed and natural ecosystems (Fontaine et al. 2006; Jauker and Wolters 2008; Jauker et al. 2009; Lucas et al. 2017) . Furthermore, flower fly larvae are good bioindicators because they have a great variety of functional groups with specific habitat and food requirements (Gilbert et al. 1994; Sommaggio 1999; Burgio and Sommaggio 2007) . These insects can be found in crop and non-crop habitats and both species richness and community composition are affected by human impacts at local and landscape scales (Rotheray and Gilbert 2011; Meyer et al. 2009; Haenke et al. 2014) .
However, the interplay between beneficial insects and landscape variables rarely has been investigated in Neotropical agroecosystems. In this study we aim answer the following questions: (i) Do the abundance and species richness of flower flies in cereal crops increase with increasing landscape complexity? (ii) Do the effects of landscape variables on local flower fly communities differ between spatial scales? (iii) How do landscape complexity and local factors affect beta diversity? We represented landscape complexity by the percentage of non-crop habitats, habitat diversity and edge density. We also used crop size, altitude and insecticide applications as explanatory variables related to local factors.
We hypothesize that local communities are more affected by the percentage of non-crop habitats than by the other explanatory variables, as larvae of most species depend on the presence of micro-habitats that are found only in non-crop habitats. We also expect similar positive effects of non-crop habitats on flower flies at all spatial scales, which would suggest that this insect group presents high dispersal capacity and depends on non-crop habitats at landscape scale to persist in farmland. Finally, comparing community composition between landscapes, we expect to find high values of nested beta diversity between pairs with high and low percentages of non-crop habitats, exposing the species loss in highly fragmented landscapes. This study provides the first insights on the responses of flower flies to landscape context in the Neotropical region. We highlight that agri-environment schemes designed to preserve biodiversity and ecosystem services in farmland must promote conservation and restoration of non-crop habitats at landscape scale.
Materials and methods

Study sites
The study was carried out in 54 edges distributed among 18 conventionally managed wheat crops (three edges per crop) that are situated along a gradient of landscape complexity in the Paraná State, southern Brazil (Fig. 1) . Because of logistic conditions, nine sites were sampled in 2012 and nine in 2013. The study region presents a humid subtropical climate (Köppen climate classification Cfa) with hot summers and infrequent frosts; average annual 1 3 rainfall of 1600 mm, which is concentrated in the summer months; average annual temperature of 21 °C (IAPAR 2000) . Soils at all sites have the same parent material (basalt) and consist of reddish clay (Rhodic Ferralsol; FAO 1988) . In the present study, non-crop habitats encompass fragments of Seasonal Semidecidous Forest and abandoned pastures. Nowadays, this forest type is highly fragmented and covers only 7% of its original area (Ribeiro et al. 2009 ). Abandoned pastures are anthropic grasslands where exotic grasses are very common, supporting high diversity and density of weeds (Medeiros et al. 2016) . The agricultural matrix is composed of arable crops under no-till farming system, where soybean is cultivated in the summer, wheat in the winter, and corn in both seasons.
Sampling of flower flies
Flower flies (Syrphidae, Diptera) were sampled using three Malaise traps (model Townes 1972) per wheat crop. Within each crop, the traps were placed at 25 m from the edges (one The difference in sampling dates between years was related to irregular rainfall in 2013 that delayed the wheat sowing. The captured insects were preserved in 70% ethanol for posterior identification. Flower flies were identified to the lowest taxonomic level possible using identification keys available in Thompson (1999) , Thompson et al. (2000) , Borges and Pamplona (2003) , Borges and Couri (2009 ), Mengual et al. (2009 ), Mengual (2011 ), Miranda et al. (2014 and Miranda (2017) . The taxa with no available identification keys were identified by M.N.Morales and by comparison with the material deposited at the Coleção Entomológica Padre Jesus Santiago Moure, Departamento de Zoologia da Universidade Federal do Paraná, Curitiba, Paraná, Brazil (DZUP).
To minimize the effects of insecticide applications, we captured flower flies during the initial phenological stages of wheat, from seedling emergence to tiller formation, when insecticides are usually not sprayed. Indeed, only two out 18 sampled crops had insecticide applications (two applications per crop); in both cases, Lepidoptera-specific physiological products were used.
Flower fly diversity
Alpha diversity
We estimated the species richness (S) and total abundance (N) of flower flies for each edge/ landscape, where S and N are the cumulative number of species and specimens recorded per crop, respectively. We used the rank/abundance plot (Whittaker 1965) to identify dominant species. This rank use quantitative data (log transformed species abundances + 1) to plot species in sequence from most to least abundant (Magurran 2004) .
Beta diversity
We estimated total beta diversity as Sorensen's dissimilarity index (βsor) and decomposed it into two components: Turnover beta diversity, estimated with the Simpson dissimilarity index (βsim), and Nested beta diversity (βnes), which is the difference between βsor and βsim. The βsim and βnes refer to species replacement and the loss of species between sites, respectively, and reveal the processes involved in community assembly (Baselga 2010) . Total beta diversity and its components were calculated using the presence-absence community matrix as input in the function beta.pair from the betapart package (Baselga and Orme 2012) in R software version 3.3.2.
Explanatory variables
Land use maps were built using Landsat/TM 5 (30 m resolution) satellite images projected in UTM SAD 1969 at 1/50,000 spatial scale. Extensive ground verification was used to achieve high accuracy of our maps. The satellite images were acquired between 2010 and 2012. Studies conducted in temperate regions found that flower flies respond to landscape context within 0.5-2 km range (Thies et al. 2003; Kleijn and Van Langevelde 2006; Gardiner et al. 2009; Meyer et al. 2009 ). Thus, we used these ranges as reference for computing our landscape metrics. We measured the percentage of noncrop habitat, Shannon landscape diversity index (landscape diversity) and Edge Density 1 3 index at four spatial scales around the centre of the sampled crops (0.5, 1, 1.5 and 2 km radius). All this information was generated using the software ArcGIS 10.1 (ESRI, 2005) .
Landscape diversity is the SHDI metric which is available in Fragstats (McGarigal 2015) . Edge density represents the sum of the lengths (m) of all edge segments in the landscape, divided by the total landscape area (m 2 ). Edge density values are multiplied by 10,000 to convert to hectares (McGarigal 2015) . We used the variables percentage of noncrop habitats and landscape diversity to represent landscape composition and the variable edge density as a metric of landscape configuration (Holzschuh et al. 2010 ). However, the variables landscape diversity and edge density were highly correlated (Spearman correlations r > 0.70; p < 0.01) at all spatial scales. Therefore, to avoid multicollinearity and keep representing both landscape composition and configuration, we excluded landscape diversity from de analyses. In addition, we used crop size (ha), altitude (m.a.s.l) and pesticide usage as explanatory variables related to local factors. The variables percentage of noncrop habitats and altitude were log-transformed to allow linear regression analysis.
The 18 non-overlapping landscape buffers with 2-km radii around the study sites varied in the percentage of non-crop habitats (from 7.4 to 74.4%) and edge density (from 178 to 387 m/ha). Crop size ranged from 10.2 to 77.8 ha and distance between the sampled crops varied from 4.4 to 45.9 km. Altitude varied from 380 to 690 m.a.s.l.
Statistical analyses
Alpha diversity
We used generalized linear mixed models (GLMMs) to estimate the relative contribution of the explanatory variables on the following response variables: species richness and abundance of flower flies. Considering that dominant species can affect total abundance responses we also analyzed total abundance without dominant species as a response variable. Abundance and species richness were fitted with Gaussian and Poisson error structure, respectively (Martensen et al. 2012) . The analyses were made at multiple spatial scales.
For each dependent variable and spatial scale, we analyzed five competing models and a null model which represents the absence of an effect: (a) y ~ percentage of noncrop habitats; (b) y ~ edge density; (c) y ~ altitude; (d) y ~ crop size; and (e) y ~ pesticide application. The variable year was included in the GLMM models as a random effect, in order to take in account a possible nested influence of the sampling years. The best models were identified using the Akaike Information Criterion (AIC; Burnham and Anderson 1998) with the small sample correction (AICc; Hurvich and Tsai 1989) . We also used the AICc weight (wAICc) and AICc delta (ΔAICc) to rank the models from the best to worst. The wAICc represents the weight of evidence in favor of a model given a list of competing models (Burnham and Anderson 2002) . The ΔAICc is the difference between the AICc of a considered model and the best model, i.e. the model with lowest AICc value (Martensen et al. 2008 ). The models that presented p values < 0.05 (model fit), wAICc ≥ 0.1 and ΔAICc ≤ 2 were considered as equally plausible to explain the dependent variables. All analyses were performed in R version 3.0.2 using the glmer function of the lme4 package (Bates et al. 2015) for species richness, the lme function of the nlme package (Pinheiro et al. 2017 ) for abundance and the AICctab function of the bbmle package (Bolker 2010) for model selection.
Beta diversity
To test the effect of explanatory variables and spatial scales on total beta diversity and its components, we conducted a Redundancy Analysis (RDA) with 9999 permutations (Anderson 2001) . RDA analysis is a multiple regression used to model multivariate response data (Legendre and Legendre 2012). We also used permuted test statistics to estimate relative contribution of each explanatory variable to explain beta diversity patterns. Additionally, we considered the coefficient of determination (R 2 ) of explanatory variables with significant value (p < 0.05) as the relative contribution. For such analysis we used the function adonis of the vegan package (Oksanen et al. 2007 ).
Moreover, we calculated the proportion of contribution of each beta diversity component to total beta diversity by dividing each component by total beta diversity (Sorensen index). To evaluate the influence of landscape structure on beta diversity we calculated the difference of non-crop habitats for each paired landscape, and the respective beta diversity indices (nested and turnover). A model fit between landscape dissimilarity and beta diversity was generated throughout linear regression where the R 2 and p values are informed.
Results
We collected a total of 8340 flower flies, distributed in 12 genera and 52 species (Supplementary Material 1). The abundance of flower flies ranged from 85 to 1005 specimens per crop and species richness varied from 8 to 48 species on the 18 wheat crops (Fig. 2) . Using the rank/abundance plot three species were classified as dominant: Allograpta exotica (Wiedemann) (n = 4313; 52% of all specimens), Pseudodoros clavatus (Fabricius) (n = 1376; 16%) and Toxomerus politus (Say) (n = 1115; 13%).
Species richness and abundance
Species richness was best explained by the percentage of non-crop habitats at all spatial scales from 0.5 to 2 km (wAICc values > 0.864; Table 1 ; Fig. 3 ). In contrast, none of the models explained total abundance. However, total abundance without the dominant species (A. exotica; P. clavatus and T. politus) was positively correlated with non-crop habitats also at all spatial scales (wAICc > 0.644; Table 1 ; Fig. 3 ).
Beta diversity dissimilarity
The decomposition of beta diversity showed that in average beta diversity (Sorensen index) was composed almost equally by turnover (mean = 56.22%, SD = 33.75) and nested (mean = 43.77, SD = 33.75) components (Fig. 5) . Total beta diversity and its nested component were explained only by the percentage of non-crop habitats at multiple spatial scales (Table 2 ; Fig. 4 ), while the turnover component was not explained by any of the explanatory variables.
Discussion
Non-crop influences on species richness and abundance
Local flower fly communities were modulated by the amount of non-crop habitats in the surrounding landscape, which confirm our hypothesis. Species richness increased with increasing percentage of non-crop habitats, and this was irrespective to spatial scales. Total beta diversity and its nested component were also affected by this variable, whereas its turnover component and total abundance were not explained by any of the explanatory variables. Such absence of effect on total abundance was influenced by the three dominant species in most of the landscapes: A. exotica, P. clavatus and T. politus. In fact, abundance without the dominant species was positively associated with non-crop habitats, which occurred independently of spatial scales used. Non-crop habitats are relatively stable and provide a variety of resources, such as prey and hosts, shelter, pollen and nectar for different arthropod functional groups (Altieri 1999; Landis et al. 2000; Tscharntke et al. 2007 ; Recent studies have indicated that it is important to consider both adult and larval ecological requirements when assessing flower fly communities by sampling adults (Meyer et al. 2009; Mueller and Dauber 2016; Lucas et al. 2017) . From this consideration arises the twofold importance of non-crop habitats for flower flies. First, these habitats support a wide diversity of plants and provide pollen and nectar for adult flies (Burgio and Sommaggio 2007; Meyer et al. 2009 ). Second, flower flies present a wide variety of larval functional groups (e.g. phytophagous, mycophagous, saprophagous, zoophagous) (Rotheray 1993) and most species require particular macro and microhabitats for breeding, which are not available in the agricultural matrix Jauker et al. 2009; Meyer et al. 2009; Ricarte et al. 2011; Rotheray and Gilbert 2011) .
Responses of the dominant species
The two most abundant types of non-crop habitats in the study region (abandoned pastures and Seasonal Semideciduous Forest) seem to complement adult and larval requirements for most flower fly species. Abandoned pastures support a high density and diversity of weeds (Medeiros et al. 2016 ) and provide (1) a steady supply of pollen and nectar for adult flies and (2) food mainly for phytophagous and zoophagous larvae (Rotheray and Gilbert 2011) . Seasonal Semideciduous fragments are probably the main source of larvae microhabitats in the region, especially for the larvae that are not associated with specific vegetation structures (i.e. saprophagous breeding in aquatic media; Ricarte et al. 2011) . Moreover, adult flower flies are probably dependent on floral resources available in the forest canopy (Sousa et al. 2014) .
Similarly to non-crop habitats, arable fields are probably favorable habitats for the three dominant species. Despite the lack of information on the biology and ecology of Neotropical flower flies, A. exotica, P. clavatus and T. politus are well-known species whose forage in agricultural matrix. The first two are distributed from southern USA to South America and their larvae have been reported preying on many hemipteran pests (Rojo et al. 2003) , including pest aphids in cereal crops in southern Brazil (Gassen 1986; Bortolotto et al. 2016 ). There are records of A. exotica larvae preying on at least 20 species of aphids (Rojo et al. 2003; López et al. 2003; Resende et al. 2006; Smith and Chaney 2007; Manfrino et al. 2011; Sturza et al. 2011; Arcaya et al. 2017 ) and P. clavatus are able to prey on a similar number of aphids as well mainly tree aphids, in addition to grapevine phylloxera (Rojo et al. 2003) . In addition, high numbers of A. exotica and P. clavatus in wheat crops located in crop-dominated landscapes occurs because of the spillover from neighbouring cereal crops where females search for aphid colonies for laying eggs. On the other hand, larvae of T. politus are pollenivorous and can feed on pollen of cultivated plants such as corn (Reemer and Rotheray 2009 ) and sorghum (Nunes-Silva et al. 2010) . Thus, T. politus probably benefit from mass-flowering crops in the surrounding landscape, when both larval and adult stages. 1.1 1.5 1 .7 1.9
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As adult flower flies depend on floral resources and can disperse long distances (Holland and Thomas 1996) even crop-associated species, like the three dominant species, probably rely on adjacent non-crop habitats in periods of disturbance in arable fields. As an example, this may occur during harvest and pesticide application, as well as during periods of low resource availability (Tscharntke et al. , 2012 . Indeed, Bortolotto et al. (2016) found, in the same study region, that wheat crops under low levels of aphid infestation supported 
Beta diversity responses
Total beta diversity (Sorensen index) and its nested component were driven by percentage of non-crops habitats at multiple spatial scales. The nested beta diversity component indicates the loss of species between communities reflecting the consequences of selective extinction or loss of habitat resource (Ulrich et al. 2009 ). In the present study, habitat loss affected community composition in such way that communities located in crop dominated landscapes were composed of subsets of the communities located in landscapes with high percentage cover of non-crop habitats. The pairs of communities with larger differences in the percentage of non-crop habitats had high values of nested beta diversity, indicating an accentuated loss of flower fly species in landscapes with low percentage cover of non-crop habitats. Moreover, high levels of habitat loss probably disrupts the provision of ecosystem services provided by flower flies, once lost species are not replaced (low values of turnover). Both nested and turnover components similarly influenced total beta diversity (Fig. 5) , however the turnover component was not explained by our explanatory variables. Such absence of effect indicates that there are others factor such as phenological changes (Simanonok and Burkle 2014) , crop management , water availability and local plant composition (Devoto et al. 2009 ) affecting this component of beta diversity.
Flower flies conservation within agroecosystems
Here, we provide the first insights into the importance of non-crop habitats for the conservation of flower flies within agroecosystems. Our findings suggest that non-crop habitats Non-crop habitats are permanent refuges for biodiversity against the constant anthropogenic disturbances in agricultural matrices, such as pesticide applications. These habitats probably enhance the long-term persistence of flower flies, reduce the risk of local extinction and possibly increase the provision of ecosystem services such as pollination and pest control in agroecosystems.
We also highlight that the positive association between flower flies and non-crop habitats was found at all spatial scales (from 0.5 to 2 km). This indicates that most flower fly species present high dispersal capacity and strongly depend on the percentage of non-crop habitat at a landscape level to persist in farmland. Therefore, agri-environment schemes designed to preserve biodiversity in agricultural landscapes should promote the conservation and restoration of natural and semi-natural habitats. Furthermore, we suggest that conservation strategies should consider the landscape context prior to be defined. For instance, the effectiveness of local conservation management is highest in landscapes with intermediate complexity than in crop dominated landscapes or in complex landscapes (Batáry et al. 2011; Tscharntke et al. 2012) . We recommend that in more complex landscapes-where biodiversity is high everywhere-conservation initiatives should focus on the maintenance of high proportions of noncrop habitats in order to guarantee high level of spillover of organisms between crop and noncrop habitats (Bianchi et al., 2006; Tscharntke et al. 2012) . In agricultural landscapes with intermediate and low proportions of non-crop habitats we suggest combining habitat restoration at landscape scale (above 2 km) with local conservation management initiatives such as organic systems (Krauss et al. 2011 ) and implantation of hedgerows and sown flower strips in the edges of arable fields (Haenke et al. 2009 (Haenke et al. , 2014 Jönsson et al. 2015) . Such combined initiatives can increase flower fly diversity and their ecosystem services within the agricultural matrix.
Although flower flies provide pollination and biological control services in agroecosystems, this group remains poorly studied in the Neotropical region, where little is known about their biology and functional ecology (Pérez-Bañón et al. 2003; Mengual et al. 2008; Amorim 2009 ). Thus, improving our knowledge on flower flies and other functional groups is not only important for conserving biodiversity, but also from a sustainable agriculture perspective. Future studies should focus on (i) describing flower fly larvae functional groups and their micro-habitat requirements and (ii) investigating how flower flies and other functionally important arthropod groups interact with natural and managed ecosystems at several spatial and temporal scales. Such information is essential in order to conserve and enhance biodiversity and ecosystem services in agricultural landscapes.
